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Yokohama, JapanABSTRACT The cellular response to external mechanical forces has important effects on numerous biological phenomena.
The sequences of molecular events that underlie the observed changes in cellular properties have yet to be elucidated in detail.
Here we have detected the responses of a cultured cell against locally applied cyclic stretching and compressive forces, after
creating an artificial focal adhesion under a glass bead attached to the cantilever of an atomic force microscope. The cell tension
initially increased in response to the tensile stress and then decreased within ~1 min as a result of viscoelastic properties of the
cell. This relaxation was followed by a gradual increase in tension extending over several minutes. The slow recovery of tension
ceased after several cycles of force application. This tension-recovering activity was inhibited when cells were treated with
cytochalasin D, an inhibitor of actin polymerization, or with ()-blebbistatin, an inhibitor of myosin II ATPase activity, suggesting
that the activity was driven by actin-myosin interaction. To our knowledge, this is the first quantitative analysis of cellular
mechanical properties during the process of adaptation to locally applied cyclic external force.INTRODUCTIONMany different of cells types have been found to be highly
sensitive to mechanical loading imposed by their surround-
ings. Mechanical properties of intracellular and extracel-
lular environments influence the shapes of cells and their
cytoskeletal structures, thereby contributing to cellular
processes such as migration, proliferation, differentiation,
and apoptosis, which are, in turn, involved in the regulation
of macroscopically observable biological phenomena such
as tissue development and tumor progression (1–3).
Previous studies have demonstrated themolecular biological
and biophysical bases for the responses of whole cells to the
mechanical properties of their surroundings. Total cellular
mechanical responses are known to depend on two factors,
the intracellular (cytoplasmic) and the cortical (containing
anchored actin cytoskeleton) viscoelasticity (4,5). Microrheo-
logical analysis using, mainly, a particle tracking method have
revealedhowcytoplasmicviscoelasticity is changed in response
to externalmechanical stress (4–11). Under a sustained external
flow (i.e., shear flow (8)), or after a transient stimulation (9),
cytoplasm becomes rapidly softened followed by a slow
recovery stiffness. At the same time, themicrorheological prop-
erties of the cytoplasm become anisotropic in response to the
direction of the shear flow (10). The cortex and anchored actin
cytoskeleton is also found to be stiffened and adapted as the
mechanical stress is induced (12–15). The direction and homo-
geneity of the mechanical stress greatly affected the adaptation
and stiffening of the cortex and anchored cytoskeleton (12,14).
The reinforcement is only found in the caseofnonhomogeneous
stretch of single cells (12).Submitted April 17, 2010, and accepted for publication December 2, 2010.
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0006-3495/11/02/0564/9 $2.00In the molecular mechanism underlying the cellular
mechanical response, such components as the actin cyto-
skeleton, actin-associated myosin motors, focal adhesions
(FAs), extracellular matrix (ECM), intracellular signal
transduction proteins (Rho-signaling pathway), and mecha-
nosensitive ion channels have been shown to play crucial
roles in the regulation of cellular mechanical properties
(7,16–21). The linkages between the actin cytoskeleton
and the ECM via FAs containing membrane-embedded
ECM-receptor (integrin) enable cells to transmit mechanical
signals between the ECM and cells (16–18). FAs are
composed of dozens of species of proteins, including linker
proteins between the ECM and the actin cytoskeleton and
signal transduction proteins (22).
Application of mechanical stimuli to cells induces
activation of mechanosensitive Ca2þ channels and confor-
mational changes in some of the focal adhesion proteins
(19,23,24). These changes then alter activities of Rho signal
transduction proteins (7,19,20,25), thereby inducing FA
reinforcement, the reconstruction of actin cytoskeleton
(20,25–27), and the cell stiffening (7,28) via the regulation
of actomyosin interaction. Matthews et al. (29) reported
that cells possessed at least four types of mechanical
responses with different molecular mechanisms. Stiffening
of the cellular cytoskeleton may have a protective effect
by preventing mechanical destruction of subcellular struc-
tures (30,31). Therefore, cells are able to select among
several possible response pathways to counteract imposed
mechanical stresses in the course of their adaptation to
specific environmental conditions (29,32). In addition, it is
also well known that biological systems at various levels
have feedback mechanisms that regulate their responses to
external stimuli.doi: 10.1016/j.bpj.2010.12.3693
Cell Adaptation to Local Cyclic Stretch 565However, much less is known about the time evolution
of the adaptive response under repeated mechanical stimula-
tion. To investigate more quantitatively the time evolution
of cellular response to cyclic mechanical stresses, we
employed a combined fluorescence and atomic force
microscopy (AFM) technique with which we were able to
simultaneously apply an external force and monitor the
cellular response.
AFM has been used in a wide range of applications since
its development (33). AFM measures not only sample
topography by scanning surfaces at the nanometer scale
but also the mechanical properties of various materials.
The method allows a wide range of force measurements at
a high spatial resolution. In the biophysical field, AFM
is a powerful method for measuring binding properties
between biomolecules (34–38) and for quantification of
cellular mechanical properties (39–42) and responses
(14,28,43). In addition, AFM has been used to manipulate
single cells to pick up and induce biomolecules (44,45).
In this article, AFM was used to apply stretch force and to
record the cellular mechanical response. Live cell imaging
was employed to observe the actin cytoskeleton and to
monitor the viscoelastic response of cytoplasm at the region
where mechanical stress was repeatedly applied. A force of
<10 nN was applied to a localized region of a cell in culture
through a glass bead ~20 mm in diameter glued to the end of
a tipless cantilever of the AFM. After the formation of
extensive bonding between the cell and the bead, the bead
was pulled up from the cell without breaking the bond
with the cell surface, thereby allowing the cell to be locally
stretched. The cantilever position was then kept at a fixed
height (thereby the local strain of the cell was kept at a fixed
length), allowing the cell to be clamped for a specified dura-
tion. The probe was then compressed onto the same region
of the cell surface. This cycle of alternate compression and
pulling of the cell surface was repeated several times and the
mechanical responses of the cell were recorded as a series of
force curves. We report that the tension recovery driven by
actin-myosin interaction during clamping was detected at
the single cell level and that this recovery activity decreased
with the number of stretch cycles.MATERIALS AND METHODS
Cell culture and transfection of plasmid DNA
A cell line of fibroblasts cloned from rat vomeronasal organ was cultured
in Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1) containing
15 mM HEPES and 2.5 mM L-glutamine supplemented with 10%
fetal bovine serum (GIBCO, Invitrogen, Carlsbad, CA). Tested cells all
expressed Azami Green-1 (AG1)-fused actin and Kusabira Orange-1
(KO1) to be used to monitor the effect of applied drugs and the change
in cell shape caused by applied force, respectively. Cells were trans-
fected with the plasmid described below by adding 0.5 mg plasmid
DNA and 0.75 mL FuGENE HD transfection reagent (Roche, Basel,
Switzerland) in 25 mL Opti-MEM I (GIBCO, Invitrogen) to 0.5 mL culture
medium.Transfection was performed when the cell density reached ~90% of
the surface coverage of the culture dish. Cells were then transferred to
a 22-mm-diameter fibronectin-coated glass coverslip and inserted into the
BioCell module of the NanoWizard II atomic force microscope (JPK Instru-
ments, Berlin, Germany). The culture medium was changed to a CO2-inde-
pendent medium (GIBCO, Invitrogen) supplemented with 10% fetal bovine
serum and 4 mM L-glutamine (basal medium). In the inhibition experi-
ments, the cells were further incubated in basal medium containing either
0.5% dimethyl sulfoxide as a control, 1 mM cytochalasin D, 30 mM
()-blebbistatin, or 30 mM (þ)-blebbistatin.Plasmid DNA construction
The plasmid DNA, phmAG1-MCLinker-actin for the expression of the
green fluorescent protein, AG1, fused to the N-terminus of human b-actin
was prepared as follows. The phmAG1-MCLinker plasmid (Medical &
Biological Laboratories, Nagoya, Japan) was digested with NheI and
BamHI, and then the fragment containing the linker and the AG1 regions
was ligated to pTagRFP-actin plasmid (Evrogen, Moscow, Russia) from
which the TagRFP region had been removed with NheI and BglII. The plas-
mids, phmKO1-MC1, phmAG1-MC1, and phmUkG1-MC1 (all from
Medical & Biological Laboratories, Nagoya, Japan) were used for the
expression of the orange fluorescent protein (KO1), the green fluorescent
proteins (AG1), and Umikinoko Green 1 (UkG1), respectively.Modification of cantilevers
Commercially available cantilevers, TL-CONT and ATEC-CONT (both
from Nanosensors, Neuchatel, Switzerland), were dipped in a piranha solu-
tion (70% H2SO4, 9% H2O2, warning: piranha solution is highly reactive
and may explode on coming into contact with organic solvents; extreme
caution must be exercised at all times) and then rinsed with water. The
tips of ATEC-CONT were removed beforehand using a focused ion beam
instrument. Glass beads (10–30 mm in diameter; Polysciences, Warrington,
PA) were washed with ethanol and water and each of them was glued to the
edge of a cantilever with epoxy glue (Grade 1001; Japan Epoxy Resins,
Tokyo, Japan). The cantilevers with a glued glass bead were incubated in
a 50 mg/mL fibronectin (Calbiochem, San Diego, CA) solution in serum-
free DMEM/F12 (1:1) containing 15 mM HEPES and 2.5 mM L-glutamine
for 45 min.Fibronectin-coated glass slip
Glass slips (22-mm diameter, thickness No.4; Matsunami, Osaka, Japan)
were washed with ethanol and water. The cleaned glass slips were sterilized
in an oven at 180–200C for ~2 h. The glass slips were then incubated in
a 50-mg/mL fibronectin (Calbiochem) in a serum-free DMEM/F12 (1:1)
solution containing 15 mM HEPES and 2.5 mM L-glutamine for ~45 min.Detection of the cellular mechanical response
using AFM
A NanoWizard II atomic force microscope (JPK Instruments, Berlin,
Germany) mounted on an Axio-observer D1 inverted microscope (Carl
Zeiss, Jena, Germany) was used for the mechanical measurements and
optical observations throughout this work. The atomic force microscope
head was equipped with a 15-mm Z-range linearized piezoelectric ceramic
scanner and an infrared laser in the optical lever system for the detection
of cantilever deflection. The sensitivity of the optical lever system was
calibrated and the cantilever spring constant was determined in situ before
or after every experiment, using the thermal noise method (46,47).
Within the reported uncertainty of this method (10%), cantilever spring
constants were found to agree with the manufacturer’s specifications.Biophysical Journal 100(3) 564–572
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the vertical piezo elements (48). Force spectroscopy experiments were
performed at 37C using a temperature-controlled BioCell (JPK Instru-
ments). The cantilever position and its vertical deflection were recorded
in the force mode operation of the atomic force microscope. The local
cellular strain was estimated by subtracting the cantilever deflection from
the cantilever position. We then proceeded to measure mechanical
responses of the cultured fibroblast cells to a locally applied force according
to the schematic presented in Fig. 1.
First, a fibronectin-coated bead on a cantilever was gently pressed onto
the apical surface of the cell to form a stable contact between the bead
surface and the cell membrane.
Second, a tensile force was applied to the cell by retracting the cantilever
and the cell was locally stretched upward by 1.0–2.8 mm at a pulling speed
of 0.05 or 0.1 mm/s in the case of the intact (control) cell, 1.0–7.0 mm at a
pulling speed of 0.05 or 0.25 mm/s in the case of the cytochalasin D-treated
cell, 1.5–2.6 mm at a pulling speed of 0.05 or 0.1 mm/s in the case of the
()-blebbistatin-treated cell, and 1.0–4.4 mm at a pulling speed of
0.1 mm/s in the case of the (þ)-blebbistatin-treated cell. Pulling was
stopped before detachment of the bead from the cell occurred.
The cantilever position was then maintained at a fixed height for a short
period (typically, 3 min), referred to as the clamping stage. The complex
change in the tensile response of the cell during the clamping stage was
analyzed in terms of stress-relaxation of viscoelastic material and diffusion
of cytosolic components. During clamping stage, the cellular local strain
was kept at a fixed level because the change in cantilever deflection in meter
scale is much smaller than the length of the piezo retraction for stretching
stage.A B
C
FIGURE 1 Experimental design for the application of a local stress onto
a cultured fibroblast and detection of the consequent mechanical response.
The position of the laser beam on the photodetector reflected from the back
of the cantilever is proportional to the deflection of the cantilever and thus
to the force that acts on the cantilever. In this measurement, a fibronectin-
coated bead at the free end of a tipless cantilever was initially brought into
contact with the cell surface (A). To form noncovalent receptor-ligand
bonds between the cell and the bead, the fibronectin-coated bead was
pressed onto the cell at a preset small force. After the initial contact of
5 min, the cantilever was pulled up and it was then retained at a certain fixed
height (B), and then clamped (C), without detachment from the cell surface.
After clamping for several minutes, the cantilever was returned to the initial
preset small force (A). This process was repeated several times for the appli-
cation of cyclic stresses. The local strain was estimated form the subtraction
of the cantilever deflection from the cantilever position.
Biophysical Journal 100(3) 564–572After clamping for several minutes, the cantilever was brought down
again to the previous position on the cell surface so that the previously
applied compression force to the cell could be reproduced as closely as
possible. Such approach and retraction steps were repeated several times
with use of manufacturing program software.
Image analysis
Cellular morphology at various stages of mechanical manipulation was
monitored with the optical microscope described above, using the AxioCam
MRm charge-coupled camera and the image acquisition software (Axiovision
system; Carl Zeiss). For live cell imaging, a40 objective lens (Carl Zeiss) and
No. 38 and No. 43 fluorescence filter sets (Carl Zeiss) were used throughout.
Resultant images were analyzed using ImageJ software (http://rsbweb.nih.
gov/ij/). The fluorescence intensity at and around the bead was corrected for
the photobleaching effect. According to Ono et al. (49), the relation between
the fluorescence intensity, Itotal, and the number of frames in a image sequence,
n, can be expressed as a single exponential decay equation as
ItotalðnÞ ¼ Itotalð1Þ þ ðItotalð1Þ  Itotal;backÞBn1; (1)
where I (1), Itotal,back, and B represent the fluorescence intensity in the first
frame, the background level intensity, and a constant between 0 and 1,
respectively. Then, the fluorescence intensity in the region of interest
(ROI), IROI(n) can be corrected as
IROIð1Þ ¼ IROI;back þ IROIðnÞ  IROI;back
Bn1
; (2)
where IROI,back represent the background level intensity in the ROI and can
be estimated as
Itotal;back  SROI
Stotal
:
Stotal and SROI represent the whole area of the image and the area of ROI,
respectively.RESULTS AND DISCUSSION
Overview of local mechanical responses
in single fibroblasts
Typical results of time-dependent changes of the force (local
cellular tension) (Curve 1) and the local strain (Curve 2)
during compression stretching and clamping stages of an
intact cell are shown in Fig. 2 A. During the compression
stage with a small constant force of –3 nN, the cantilever
position and the local strain was slightly lowered (at a rate of
~0.6 nm/s in the first stage) so that the deflection of the
cantilever was maintained constant to compensate for the
viscoelastic creep of the cell. The cantilever was then pulled
up to a position ~1.0–1.5 mm higher than the compression
stage (the first stage of stretching and clamping) at a speed
of 0.05 mm/s. After reaching the clamping stage, the vertical
position of the cantilever and the local strain was kept
constant. The tension of the cell first decreased rather
rapidly (within ~1 min; tension relaxation phase) for
stress-relaxation of viscoelastic properties in the cell and
then slowly increased for the rest of clamping stage (tension
recovery phase).
The tension recovery phase observed here as a local
response probably corresponds to the cellular repositioning
AB
C
FIGURE 2 Typical response of an intact single fibroblast to cyclic
stresses. (A) Complete time course of the mechanical response of a cell
recorded as the cantilever deflection (Curve 1), the local strain (Curve 2),
and the fluorescence intensity of AG1-actin (Curve 3) and KO1 (Curve 4)
in the region where cyclic stresses were applied. Here and in Figs. 3 and
5, the curves for the fluorescence intensities are shown as raw data (solid
lines) and data corrected with Eq. 2 given in the text (broken lines). (B)
Live cell images during one of the stretch cycles. The expressions a-a00,
b-b00, and c-c00 correspond to the times a, b, and c, indicated in the time
course (A), respectively. The images of a–c, a0–c0, and a00–c00 correspond
to phase contrast, AG1-actin, and KO1 views of the cell, respectively.
Bar, 20 mm. (C) Phase contrast (left), AG1-actin (middle), and merged
images (right) of actin cytoskeleton adhering to the bead on a cantilever
at the end of an experiment. Bar, 20 mm. The contact position between
the bead and the cell is shown by circles in fluorescence images.
Cell Adaptation to Local Cyclic Stretch 567response (29) and as the traction dynamics after stretch (12).
After the cantilever was returned to reproduce the original
compression force of –3 nN at a speed of 0.05 mm/s, the
vertical position of the cantilever was gradually lowered at
a rate of ~6 nm/s due to a decrease of cell height.
The compression, pulling, and clamping cycle was
repeated several times (five times in the case given in Fig. 2
A). At the end of the clamping stages of the second to fifth
cycles, the cantilever positionwas further retracted to confirm
further increase in the cantilever deflection, which assured
that the bond between the cell and the bead on the cantilever
was still present during the clamping states. At the end of the
fifth cycle, the cantilever was pulled upward from the cell to
break the attachment of the cell. In some cases, the bond
between the cell’s ventral surface and the glass coverslip
was ruptured, whereas in other cases, the bead detachedfrom the apical surface. In the former case, the whole cell
was recovered with the cantilever; in the latter case, the
bead on a cantilever tookup components of the actin cytoskel-
eton (Fig. 2C). This observation was taken as evidence of the
temporary formation of a protein cluster resembling those
produced at focal adhesion points. It was speculated that
the fibronectin molecules on the glass bead stimulated integ-
rins on the cell surface to start activating intracellular proteins
such as talin, vinculin, and b-actins to form focal adhesion
type protein clusters at the contact site of the glass bead.
Curves 3 and 4 in Fig. 2 A show the typical time course of
the fluorescence intensity of the stretched part of the cell
under the bead. We observed a synchronous increase and
decrease of fluorescence intensity of the proteins (Curve 3
for AG1-fused actin and Curve 4 for nonfused KO1) around
and under the contact site of the glass bead with the cell
(Fig. 2 B). The fluorescence intensities due to AG1-actin
and KO1 increased during each clamping stage even after
the local strain was kept at a constant level. Synchronized
changes in the fluorescence intensity with cyclic local
stretching were observed for other nonfused fluorescence
proteins, UkG1 and AG1 (data not shown). Such observa-
tion suggested that changes in the fluorescence intensity
of nonfused proteins reflected the viscoelasticity of the cyto-
plasm. Therefore, the increase in the AG1-actin intensity
during stretch and clamping includes influx of actin mono-
mers from the cytosol.
Hirata et al. (50) reported that an application of artificial
mechanical force induced a formation of stress fibers
oriented along the traction direction. However, we could
not distinguish formation of stress fibers in this study
because the stretching direction was along the z axis and
the AG1-actin intensity at the stretched region increased
with the influx of AG1-actin monomers. The local reinforce-
ment of cytoskeletal structure was confirmed to be discussed
about the tension growing at and around the contact site of
the glass bead. Those local viscoelastic properties were
analyzed by using a Kelvin body model that can explain
both creep and stress-relaxation in viscoelastic materials
(51). The force-distance curve for each stretching step was
fitted with the following equation for which local tension,
F, can be expressed in terms of the local strain, z (52),
FðzÞ ¼ k1zþ gv

1 exp

 k2z
gv

; (3)
where k1 represents the spring constant of a spring parallel
to a series of a second spring with spring constant k2 and
a dashpot with viscosity g, and v represents retract velocity,
which is defined as dz/dt. According to Schmitz et al. (52),
the spring constants k1 and k2 and the viscosity g respec-
tively, describe the stiffness of the membrane tether pulled
from the cell, the bending rigidity of the cell membrane,
and the viscous contribution of the receptor-anchoring
membrane. The relationship between these viscoelastic
parameters and the number of stretching cycles is shownBiophysical Journal 100(3) 564–572
A568 Watanabe-Nakayama et al.later in Fig. 6. In intact control cells, spring constant k1
increased with increasing the number of stretching cycles
and reached a saturation level. The second spring constant
k2 and the viscosity g of all cells did not show significant
difference in the number of stretch cycles.B
FIGURE 4 Typical response of an intact ()-blebbistatin-treated single
fibroblast to cyclic stress. (A) Complete time courses of the cellular tension
measured by the cantilever deflection (Curve 1), local strain (Curve 2), andEffects of inhibitors
To investigate a possible contribution of the actin-myosin
interaction to the observed response of the cell against the
local mechanical manipulations as described above, the
same experiment was performed in the presence of cytocha-
lasin D, ()-blebbistatin, or (þ)-blebbistatin which are,
respectively, an inhibitor of actin polymerization (53),
a specific inhibitor of nonskeletal myosin II ATPase activity,
and an inactive enantiomer of ()-blebbistatin (54). Typical
time courses of the cantilever deflection and the local strain
during cyclic compression and stretching of cells in the
presence of each of the three chemicals are shown as curves
1 and 2 in Fig. 3 A, Fig. 4 A, and Fig. 5, respectively.
The magnitude of tensile force upon stretching of the
inhibitor-treated cells was much decreased even though
the cantilever retraction was larger than in the case given
in Fig. 2 A (intact cells). The much reduced deflections
of the cantilever in the presence of cytochalasin D orA
B
FIGURE 3 Typical response of a cytochalasin D-treated single fibroblast
to cyclic stresses. (A) Complete time courses of the cellular tension
recorded as cantilever deflection (Curve 1), local strain (Curve 2), and
fluorescence intensity of AG1-actin (Curve 3), and KO1 (Curve 4) in the
region where cyclic stresses were applied during cyclically pushing,
stretching, and clamping periods. (B) Live cell images, before (a-a00) and
after (b-b00) the treatment with cytochalasin D, and during one of the stretch
cycles. The values c–c00, d–d00, and e–e00 correspond to the times, c, d, and e,
respectively, indicated in the time course in panel A. The values a–e, a0–e0,
and a00–e00 correspond to phase contrast, AG1-actin, and KO1 views of the
cell, respectively. Bar, 20 mm. The contact position between the bead and
the cell is shown by circles in fluorescence images.
fluorescence intensity of KO1 (raw data Curve 3), in the region where cyclic
stress was applied during cyclical pushing, stretching, and clamping
processes. (B) Live cell images, before (a–a00) and after (b–b00) the treatment
with ()-blebbistatin, and during one of stretch cycles. The values c–e
corresponds to the time, c–e, indicated in the time course in panel A. The
values (a, b), (a0, b0), and (a00, b00, c–e) correspond to phase contrast,
AG1-actin, and KO1 views of the cell, respectively. Bar, 20 mm. The contact
position between the bead and the cell is shown by circles in fluorescence
images.
Biophysical Journal 100(3) 564–572()-blebbistatin were attributed to the softening of the cell
caused by the treatments with the corresponding reagents
(55–58). The all-Kelvin body model parameters for the
cytochalasin D-treated and ()-blebbistatin-treated cells
remained at lower levels (Fig. 6). The difference betweenFIGURE 5 Typical response of intact (þ)-blebbistatin-treated single
fibroblast to cyclic stress. Whole time courses of cellular tension measured
by the cantilever deflection (Curve 1), local strain (Curve 2), and fluores-
cence intensity of KO1 (Curve 3) in the region where cyclic stress was
applied during cyclical pushing, stretching, and clamping processes.
AB
FIGURE 6 The relation between the viscoelastic parameters of local
stretched region of the cells and the number of stretch cycles. (A) The
F-D curves recorded during each stretching stage for an intact cell were
fitted with a Kelvin body model (Eq. 3). (B) The distribution of first spring
constant k1, the viscosity g and the second spring constant k2, are shown as
the function of the number of stretch cycles. In the respective experimental
conditions, the level of each stretch cycle was compared with the level of
the first stretch (or the second stretch only in the case of ()-blebbistatin-
treated cells) by paired t-test analysis (*P < 0.05, **P < 0.01, ***P <
0.001). Note that the significant enhancement in the first spring constant,
k1 was observed in the intact and control, and (þ)-blebbistatin-treated cells.
Cell Adaptation to Local Cyclic Stretch 569intact and inhibitor-treated cells perhaps resulted from the
observed difference in local cytoskeletal network around
the bead. The tension-recovery during the clamping stage
was completely destroyed in the presence of cytochalasin
D and ()-blebbistatin in comparison with the intact cell
given in Fig. 2 A, whereas no such effect was observed in
the presence of (þ)-blebbistatin. The results strongly
suggest that the tension recovery activity was associated
with the reconstruction of the actin cytoskeleton and the
actin-myosin interaction.
Curves 3 and 4 in Fig. 3 A, and Curve 3 in Figs. 4 A and 5,
which were produced by cytochalasin D, ()-blebbistatin,
and (þ)-blebbistatin-treated cells, respectively, show the
typical time courses of the fluorescence intensity of the part
of the cells under and around the glass bead. Increases in
the fluorescence intensity during cell stretching were
also found in the cells treated with these chemicals and
confirmed that the binding between the cell and the fibro-
nectin-coated bead was maintained. In the treatment with(þ) or ()-blebbistatin, phase contrast images and fluores-
cence AG1-actin images were taken at the end of the exper-
iment because blebbistatin is susceptible to photoinactivation
and becomes phototoxic under the irradiation at shorter
wavelengths and visible light (59).The model for tension recovery during clamping
We tried to evaluate the relation between the tension
recovery and the number of local stretch cycles. We propose
here a model for the mechanical response during clamping
to quantitatively explain this phenomenon. The initial
tension relaxation can be explained by the stress-relaxation
of the cortical and anchored cytoskeleton as the viscoelastic
entity. The tension recovery response is likely to be diffu-
sion-limited, which is not an unreasonable view because
the proteins associated with tension recovery processes
such as myosin II should be recruited to the manipulation
site from other locations (21). We assumed the tension
recovery to be promoted by the tension recovery-associated
factors (TRAF) which are not already bound but newly re-
cruited during each cycle. According to Hermans (60), the
linear diffusion of particles that are trapped to nondiffusible
holes, and eliminated from the pool, produces a sharp
moving boundary beyond which no particles are found. In
such a system, he calculated that the distance traveled (x)
should be proportional to (time)1/2. Thus,
xðtÞ ¼ 2Z
ﬃﬃﬃﬃﬃ
Dt
p
; (4)
where t is time, D is the diffusion coefficient, and Z is
a constant that relates to concentration ratios of the diffusing
factors at a particular point and at the source, and to the error
function. The time-dependence of tension recovery, Fr(t), is
expressed as
FrðtÞ ¼ f  r xðtÞ; (5)
where f and r, respectively, represents the force that
the single TRAF can generate, and the density of binding
sites for the TRAFs along the cytoskeleton. Finally, the
time-dependence of the local tension during clamping is
explained as
FðtÞ ¼ k130

1

1 ts
t3

exp

 t
t3

þ A ﬃﬃtp ; (6)
where the first part and the second part, respectively, repre-
sents the stress-relaxation of the Kelvin body model (51),
and the diffusion-limited tension recovery. The value k1
represents the spring constant of a spring parallel to a series
of a second spring and a dashpot in the Kelvin body. The
value 30 represents the local cell strain that is derived
from the record for clamping. The values ts and t3, respec-
tively, represents the time constant for creep and stress-
relaxation. The constant, A, includes the number of TRAF
which have additionally bound to actin filaments for eachBiophysical Journal 100(3) 564–572
570 Watanabe-Nakayama et al.clamping cycle, the force which the added single factor can
exert, and the diffusion coefficient for the cytoplasm.
To analyze each set of cyclic local stretching data, the
time courses of the cantilever deflection was replotted sepa-
rately for clamping stages as shown in Fig. 7 A. Then, the
time course records for local cellular tension during clamp-
ing were fitted with the Eq. 6. The relation between the
tension-recovery activity, A, and the number of stretching
cycles is shown in Fig. 7 B. The tension-recovery activity
decreased with increasing the number of stretching cycles.A
B
FIGURE 7 Tension-recovering activity during clamping after stretch. (A)
Each trace of cellular tension during clamping in intact control, cytocha-
lasin D-treated, ()-blebbistatin-treated, or (þ)-blebbistatin-treated cells
was collected (markers). The traces were fitted with the Eq. 6 given in
the text (lines). (B) The relation between the tension recovering activity
in the intact cells and controls, and the number of stretch cycles. The derived
constant, A, as the degree of the tension recovering activity is plotted as
the function of the number of stretch cycles. The level of each stretch
cyclewas compared with the level of the first stretch by paired t-test analysis
(*P < 0.05). Note that the significant attenuation was observed.
Biophysical Journal 100(3) 564–572Why did the tension recovery activity decrease as the
number of stretch increased?
Do the cells ‘‘remember’’ how many times they have been
stretched?
Our answer to the second question above is yes. The
derived constant, A, includes the diffusion coefficient of
TRAF in local cytoplasm, the number of newly accessible
TRAF-binding sites on the actin cytoskeleton (which had
been anchored to the bead on the cantilever), the number
of the diffusing TRAF, and the force that the single TRAF
can generate. The diffusion coefficient, the number of the
binding sites to which the TRAFs can newly bind, and the
number of the diffusing TRAF are most likely to be changed
(decreased) as the stretch cycle increased. There are reports
on cytoplasmic fluidity under a sustained directional
mechanical stress (7,10). The cytoplasm stiffened within
40 min under a shear stress in a Rho-signaling pathway-
dependent manner (7), and the fluidity was anisotropic in
response to the direction of the mechanical stress (10).
In our analysis, the number of newly accessible binding
sites for TRAF may also decrease. It is possible that the
binding sites, which had been filled during earlier stretch
cycles, and the number of the TRAF, which had been already
bound to the sites, would contribute to stiffness of the cortical
entity including the anchored cytoskeleton. The number
of the diffusing activated TRAF (i.e., myosin II) is likely
regulated during the mechanical stimulation. Myosin II
activity is regulated by numerous signaling pathways (i.e.,
Rho-signaling pathway (61)). Rho-signaling pathway is
involved in cellular mechanosensing (7,19,25), which is inte-
grated by the mechanically switched ECM-receptor (i.e.,
integrin) activity. The activity of integrins as amajor receptor
of fibronectin would be likely regulated mechanically
through their conformational changes (62,63) and related
to reinforce FA and actin cytoskeletal network. Mechanical
activated Ca2þ channel is known to induce the increase
in intracellular Ca2þ concentration (29,64), which can
also regulate activities of various intracellular signaling
pathway.
In our observation, the local stiffening at the stretching
site was confirmed (Fig. 6) and the tension recovery activity
was completely inhibited by cytochalasin D and ()-bleb-
bistatin, suggesting that the tension recovery was promoted
by actin-myosin interaction. One should note that ()-bleb-
bistatin binds to the myosin-ADP-Pi complex, thereby
inhibiting the rate of release of Pi and trapping myosin in
an F-actin weak-binding state (65). Therefore, we could
not conclude whether actomyosin contractility and/or acto-
myosin cross-linking is essential for the tension recovery. In
fact, there are some studies that the cross-linking of myosin
II with F-actin is essential in order for a cell to generate
cytoskeletal tension (66,67).
What is the physiological meaning of the rapid stiffening
and gradual loss of the sensitivity to the cyclic mechanical
stimulation?
Cell Adaptation to Local Cyclic Stretch 571Possibly, it is a component of the cellular defense system
against the severe mechanical insult. The agitation of the
extracellular mechanical environment potentially could
disrupt intracellular structures and cellular organization.
Cells may protect themselves from harmful extracellular
oscillatory mechanical forces by rapidly stiffening and
gradually becoming insensitive to prolonged severe stresses.CONCLUSION
In this study, we recorded the mechanical responses of
single fibroblasts by atomic force microscopy and live
cell imaging. After the cells were extensively bonded to
a fibronectin-coated bead on the cantilever, a tensile force
was periodically applied to the cell by repeated continuous
approach and retraction cycles of the cantilever. On com-
pressing with a constant force, the viscoelastic creep was
observed. On stretching a small part of the cell, the local
stiffness increased and reached a saturation level as the
number of stretch cycles increased. During clamping
(the local strain was sustained at constant level), the visco-
elastic stress-relaxation followed by tension recovery was
observed. The time-dependence of the local tension for
clamping was assured to be the sum of the stress-relaxation
of the cell as a viscoelastic property and the force that can be
generated by tension recovery-associated factors which
binds to actin cytoskeleton with diffusion-limited manner.
The tension recovery activity decreased as the number of
stretch increased as if cells can ‘‘remember’’ how many
times they have been stretched.
We proposed that the tension recovery could be regulated
by the diffusion, the number of the activated tension
recovery-associated factors. The tension recovery was
confirmed to be promoted by actomyosin interaction. To
our knowledge, our study is the first to report a quantitative
relationship between the cellular mechanical response and
the number of cycles of prolonged mechanical stimuli.
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